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ABSTRACT 
We propose a relatively simple first stage experiment with muons in the 
50-150 GeV range. The experiment is designed to optimize conditions for 
testing scale invariance while providing some information about the final 
state, as a test of various theories of high energy interactions. 
The proposed use of an iron spectrometer and ofa high Z (> 1) target 
with a low intensity (~106/sec) muon beam should greatly reduce the cost 
and complexity of the experiment and especially ease the construction of the 
.~beam. It may even be possible to make an adequate muon beam for this purpose 
from the planned 3.5 mrad high intensity pion beam. A higher intensity muon 
beam can be used to extend the range in q2. 
Information gained in this first experiment could greatly assist the 
planning of a more sophisticated experiment proposed for the high intensity 
Il beam. 
I. 

For a of' reasons] muon may be an even more 
and ef'f'ective way to nucleon structure at NAL 
(50-150 GeV and above) tban in tbe past. the muon remains a 
and should be in its own f'or some clue as to tbe dynamics of' 
tbe muon-electron dif'f'erence] at NAL we f'or tbe f'irst more 
muons tban electrons. tbe pboton bas served us well as 
a usef'ul way to insert a amount of' energy and momentum into a 
or neutron - tbe muon under discussion bave 
to continue tbese studies. the level of' in muon ex-
bas not in tbe as as tbat encountered in the 
we f'eel that this situation is not intrinsic 
to the use of' muons and will to a sustained ef'f'ort to obtain 
ity inf'ormation. Muons will usef'ul because one observes directly an inter­
action as a f'Unction of' the variables. The usef'ulness of' 
which is also the case f'or the inelastic neutrino 
ments is when one considers the highly specific 
for this process by f'or and the sum rules for 
of' W and the form of the theories may change, we believe f'irmly2 
that with muons some of the to 
future theories due to the relative of a inter­
action vertex. The comparison witb the corresponding neutrino will 
be for vector and axial vector terms in the re­
actions, 
Of' course this may be since virtual 
at at small } may behave in many respects like dif­
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:fraction One immediate question to be answered concerns whether 
there exists a qualitative in the nature of virtual 
in the inelastic limit or whether some extension of the basic vector 
dominance idea can be the 
can be for an look at muon inelastic : 
The scale invariance predicted by BjOrken( and discovered by the SLAC 
inelastic electron (2) mayor may not hold as one pro­
ceeds to even momentum transfers and energy losses. (See 1) Of 
course if we have reached a without "sub­
structure!!, it will hold. In neutrino reactions, if the \11 meson scale 
invariance is violated by the finite extent of the interaction 
caused the W statement would appear in the muon 
if the ( the results) of the 
distribution were not caused by fundamental entities like partons or 
(3) but just the " of the distribution in 
the field theory :from the cloud. of virtuaY ) hadrons around the 
proton. In more tecbnical , one would like to know the limi t of v as 
Q2 
X ..",0 2M) and whether scale invariance holds as becomes very:= 
To go beyond the of the muon one would like to know 
if scale invariance holds in the reaction and what the 
and transverse momentum distributions look like as functions of 
q 2 and v. As a case of' this, the of "limiting 
discussed Benecke and others(4) a 
tion of the nucleon and, by dif:fraction the virtual 
ton. These in the energy 
distribution in the rest :frame. It is cted that the 
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average 	 associated with the nucleon will be the 
of whether the nucleon is excited pp, or ~p collisions. 
Even crude measurements on the final state can test these theories and whether 
scale invariance holds for partial cross sections. 
B. General Discussion of ~~:n~~~i 
We that rather simple will ans­
wers and efficient of an "omnibus" detec­
tor at a later We do not believe that it will be necessary to sacrifice 
the of the information of most immediate interest. 
The ideas proposed here are: 
1. 	 The use of an iron spectrometer to achieve 7% resolution at 100 GeV 
very cheaply and simply. The experience of one of us (K. W. C.) in 
a cosmic ray spectrometer has valuable and has 
us confidence that such a spectrometer "'ill fications. 
2. 	 The choice of geometry and reaction kinematics to and render 
more direct the test of scale invariance at these As is 
discussed below, such a test can be related to in a way 
that minimizes systematic effects and increased 
The use of a low intensity muon beam eliminates the need 
for extensive collim~tion and momentum selection. intense 
beam of which decays into muons can such a beam 
and this could serve, for , as the beam 
for the 3.5 muon high beam. About 100 meters of 
drift an 8-10 meter Be and an 
will be required to form the muon (See This low 
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intensity can be used without achieVing 	unacceptably low rates by 
2
using an interaction target of 100 gm/cm spaced out over a dis­
tance which varies from 1-2 meters in the course of the experiment. 
Use of a high Z target requires some understanding of the A depen_ 
dence of the cross section. An A dependence which differs from Al •O, 
t 	 .~nd . 11y equa1salAO. 91±.02 	 8 1S pre­exper1ment a GeV and below, 
dicted for q2 == ° by the "shadowing" model of Ross and StodOISky(5) .. 
Agreement with Margolis' calculations using this model is seen in 
the total yA cross section measurements done at SLAC(6). The same 
model predicts a q2 dependence shown in Figure 4, which reveals the 
region over which some shadowing might appear. Of course, by chang­
ing 	targets we can test the prediction of this model that '" Al(J 
for the q 2 and v values of interest here. An extension of this pro­
posal to lower q2 values would allow observation of the predicted 
shadOwing but we prefer to concentrate first on the highest values 
2
of q and v available. / 
At even higher intensities (107 '" 108 ~/sec), we give up the 
possibility of observation of the reaction products, but can obtain 
2 	 2improved statistics on the region q > 100 (GeV/c) • Availability 
of the intense beam at an early stage would dictate use of this 
apparatus to look at ultra high q2 as soon as the beam becomes avail­
able. 
4. 	 -The last new feature of this experiment will be the use of a reaction 
target distributed through the body of a 1-2 meter spark chamber with 
40 5-cm gaps. If lead is used as the target material then we have 
about 16 radiation lengths available and over most of the chamber 
have a very high conversion probability 	for gamma rays. The combina­
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tion of wide gaps and poorly conducting plates will support a large 
number of tracks and we hope to make significant observations on the 
multiplicities of charged and neutral tracks, and obtain information 
about rro transverse momentum distributions from the angular distribu­
tion of the observed gamma rays. If the average multiplicity is 
~ 6 with 60 GeV energy loss, the average momentum is 10 GeV/c and 
the particles tend to emerge within a 40 mrad cone. Typically at 
l'meter from the vertex, 6 tracks or developing showers are contained 
inside about a 3" diameter circle. 
Ten X and Y Charpak chambers with 100% efficiency for multiple 
tracks will be inserted in the body of the production chambero By 
combining this with the wide-gap optical chamber information we will 
obtain the multiplicity of fast charged particles, the angular 
distribution of these about the momentum transfer direction and from 
the observed gamma ray showers data concerning the rr o 'so 
We now turn to a more detailed discussion of these points. 
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II. 
Consider the ~~- for inelastic muon (or electron) 
of the 
E AE' 

. eJ 1 . e 

Sln "2 Sln "2 
eIf we the very small in 2 at small or even 
all of interest at these ), then we 
2find that X = Q /2M~ remains invarient ~ W is scale2 
We have then 
~2r 2 e + 2e] (1) 
Note that the to is of the value of R 
Furthermore, is invarient under this transformation so the 

1

rate decreases as even if there is a in the incident beam energy, 
the relative of remains the same. 
further we find that it is to extend this 
transformation so that most of the effects such as finite resolution 
in the scattered muon momentu~ and do not affect the inter-
of different i.e. different values of AQ 
This means that we can and 
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ascertain immediately any violations of scale invariance. 
Figure 3 shows this concept of testing scale invariance. The figure in­
dicates the dependence on A of the various experimental variables. If we scale 
the apparatus for each energy point (say 50, 100, 150 GeV) we remove the 
effects of; 
1. 	 Measurement error on the incident muo~ direction. 
2. 	 Beam divergence from multiple scattering in the Be filter. 
3. 	 A spread (from the pion decay spectrum) in the incident muon 
energies. 
4. 	 Multiple scattering in the target chamber and in the iron plate 
spectrometer . . 
. ·5. Effects of dE/dx in the spectrometer. 
Table I shows the actual statistics which might be obtained using an 
extrapolation of the SLAC results per 100 hours running time at 106 100 GeV 
muons per second. The number of events at 50 and 150 GeV is the same provided 
we make the appropriate transformation and scale invariance holds. 
III. Experimental Arrangement 
A. 	 The Muon Beam 
The boundary conditions imposed by the absence of a specially designed 
muon beam led us to consider the experimental factors in approaching the limit 
of zero cost--i.e. what can be done using a low intensity muon (106/sec) beam 
derived from the "existing" 3.5 mTad. pion beam in a minimal way. In order to 
2
achieve good rates for large Q scattering we increase the target density by 
using a high Z target. The general experimental arrangement, intended to re­
place the 3.5 mrad beam stop, is shown in Figure 2 and Figure 3. 
- 9 ­
B. Use of a Z 
6Use of the lower beam (10 IJ./sec) and z has a number 
of and some obvious We start with the 
1. 	 At these intensities we may determine the muon energy by 
the incident muon before and after a 
2. 	 The reaction itself may be observed by ~V'!l~'~ the material 
chamber. Much useful information can be obtained 
of the reactioneven without ~'~'5 •.,~ This can 
be with the 
3. 	 Problems with beam and 

The of y-ray conversion 
 of the 
radiative corrections to be checked 

The chief of the dense 

-1. One does not a know the A 

one believes it is at 

-2. A very dense 
 will rave a background from knockon 
electrons which tend to obscure the event 
showers. We have assumed 100 based on 
calculations of the 
for this 
an 
knockon and at 12 GeV interactions in an iron 
of 
2plate chamber with several hundred gm/cm • 

For 
 extensive 	 have been the 
a 
are: 
of the cross 
is in with the measurement A 
cross section for k from GeV as determined by DESY and 
( ) . To the extent one sees a deviation from 0yA ::::; A0yN7 one is 
of the total 
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of the incident ( This effect was ex­
5) and has been studied by many authors 
Gottfried and 7) and .LH'JLLi:>n. The results 
( 4) of an calculation a nucleus for ease 
in calculation) shows 
1. This (1-1 ) should not observe for 
> 2 i.e. over almost the whole kinematic accessible at J:lAL 
01\ '" 
2. If a measurement of for the muons is possible then these shad-
effects be observed. The maximum effect is 
.43 for k > 20 GeV 
== 0 in Pb. 
Actual observation of the measurement of small 
and of J.l-e events. In this we con­
sider: 
10 mrad < e < 160 mrad 
1-1 
This confines us mostly (but not to the inelastic 
where the effects are to be less than a few This 
can be checked by different 
C. Rate Calculation and Radiative Corrections 
1. Sections 
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Cross sections for muon at these momentum transfers 
and energy losses are of course unknown and can be In order 
to some basis for the we have taken an approx­
imate fit to the electron 
value of 0.2 and thata 
2 I'J(k,q ) :::; (2) 
As was discussed in a recent ReView Letter 
the choice of this form the scale invariance of -.},{2 in the 
limit q2 » In fact any fUnctions of the form 1 + J(q2/k ) in the 
the assumed for ~( 0) a scale 
invariant v W20 The above form only applies at some distance from the 
elastic limit q2 -> 2Mv. 
Radiative corrections were to the cross since these 
will be in any test of scale invariance. It is found 
that these are not due to the appearance of the muon mass in 
the of the order terms. 
but not all of the radiative correction comes from the case 
where the muon radiates a photon in the forward direction and then scat-
at the lower energy_ Both this, and the case where 
the radiation takes after the should be Visible in the 
chamber and the extra might be identifiable by its 
with either the incident on scattered muon. However observation of this 
on the distribution and of the reaction 
ucts, thus we not rely on it. The formulas used involve the 
8) 
ters 
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and were taken from Mo and Tsai(9). 

As a 5 and 6 shows the calculated values of 

dOlE' for a of E' at a fixed incident muon 
energy for 100 GeV. The on 
the slower dependence on E' are evident. Cross sections vlithout 
corrections are indicated by dotted lines and with radiative corrections 
by solid lines. It can be seen that in some cases the radiative correc­
tion is ~ 20-30%. 
By at 5 and 6 we see that a muon 
very resolution and at the same time re­
very little in the way of resolution in E'; the vre to 
.	achieve more than for the This is a or 
reason why the of the iron is well matched to 
this measurement. 
2. 	 Effect of ErrQr 
A 1 mrad error in 8 10 mrad will ma.l<;:e a error in 
At 60 mrad the same error is a 7% error in the cross Mul­
in the chamber an rms 68 
This is a not a effect. The beam can be used to mon­
itor errors in 8. The of scaling the 
to eliminate errors while scale invariance 
is clear. Of course thinner can be used for measurements at smal­
ler values of because the cross section is but the measurement 
error in 8 ,viII remain a for which vary 
the energy and not the as well. 
Rate 
counts obtained and about the target and the beam 
in 100 hours of running are I. It should be that 
these are best guesses, but ones. 
IV. Iron 
------~----------
A. General 
In this section we in some detail the iron we pro­
pose to use to the scattered muons. Our prime motiva­
tion in the use of a toroidal solid iron "-'o""~ is that or tre­
mendous reduction in power cost while us to achieve a momentum and 
resolution sufficient for our purposes. The factor of con­
ventional spectrometers was that economics a limit on the magnitude 
of the field as well as the volume over which it acts. Cosmic ray 
have been built the solid iron ~~TI.'~ reaching a l!l~~~.a~~!l 
momentum in the of 1000 Our ovm 
with this has been also favorable.' 
B. Parameters 
We 	 list in Table II the considered in the and 
7 shows a schematic of one section of the iron li~5"~ The 
is of 4 identical sections each 1.5 meters in the beam 
Each section is in turn from 120 low carbon 
steel The coils each consisting of 500 turns of 
10 s. WQ g. lumax covered copper wire of total resistance ~ 120. At a cur­
rent of '" a field of ± 0.7 is 
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c. 	 of Magnetic Field 
It is to know the variation of the of the 
11field 	in both the wound and unwould areas. 
the 	actual search coil measurement of the field for both areas. 8 
shows 	 the variation of field at locations 2 and 3 for the wound area. The 
variation in field over a given plate is < 1. whereas the overall variation 
f'J 
is of the order ± 2. In addition a measurement of the field from 
the iron surface reveals that it magnitude is of the order of O. of the field 
within the iron. (Figure 9a). 
With an expected uniformity of the order of 2. the momentum resolution 
.of the muon spectrometer will not be limited by the in the 
but Will be limited by the multiple of muons in iron. 
Momentum Resolution 
If the field is sufficiently constant over the entire 
accuracy to which the momentum of a muon can be determined is limited 
the it suffers. 10 shows the three alternatives 
to determine the muon momentum: 
1. 	 measurement of and exit ( The 
i'ractional error of momentum determination varies as since 
varies as L while the r.m.s. scat-
varies as Practical limitation in solid 
and minimum cut off energy optimizes the L. In 
this case the momentum of the muon is given by 
p 
- 15 	­
where 81 and are incoming and exit angles,82 
e - energy loss per unit length of iron, 
K == 	 300 B 
x = the lateral displacement of the emergent track position from the 
incident position, and 
cos 8 - Rsin e). 
It is to be noted that at high energy ( > 100 GeV) eQuation (3) 
reduces to the familiar form 
(4) 
The 	variation of the calculated incident momentum with the incident 
angle at 150 mrad is less than ± 2%. Figure 9b shows this variation. 
The resolution is limited by the ratio of the transverse momenta P B T 
M S(bending) and P • • (Multiple scattering)T 
t:,p ~ 0.286 (GeVIc) ~ 9% 

p - 3.24 (GeVjc) 

which is the greatest uncertainty. We show the photograph of the cos­
mic ray muon spectrometer now in operation at Princeton. (Figure 11). 
2. 	 Multiple measurements. (Figure lOb). 
The previous analysis still applies. One would expect cr~udely the 
improvement on the momentum resolution goes as N where N is the 
independent number of measurements. The major disadvantage is that 
2the solid angle factor decreases as L and that no all measurements 
are wholly independent to exploit the fir factor. 
3 • 	 Multiple measurements of positions. (Figure lOc). 
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For a track of projected length L with transverse coordinates Y 
n 
measured and longitudinal coordinates Xn (n = 0,1,2,--N), the 
curvature and direction error are values of ~ and y in the least 
square fit of 
1 2 
Y = a. + ~X + '2 y X 
Variational techniques have been used to calculate the optimum 
resolution for a given magnet configuration from general considera­
tions. The expected resolution is better in general than case 1). 
For 100 GeV muons, we found a momentum resolution of 7% for a measure­
ment at four points by fitting the track to a circle. This is the 
approach that we have finally adapted in this proposal. 
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TABLE I 
Total Counts in 100 Hours of 
e 
10-20 mrad 
mrad 
40-80 mrad 
80-150 mrad 
Total 
Counts 
llO,OOO 
20,000 
4,000 
200 
~ 134,000 
2.3 (GeV/c) 2 
9 ( 2 
36 (GeV/c) 2 
~ 100 (GeV/c) 2 
Assumed: 100 
610 muons/sec. 
E' = 20­ GeV 
:::: 100 GeV 
....n ..;.JJ..)-w II 
Torodial 
Cross Section 
Total 
No. of Sections 
Energy Cut Off 
Material 
l.5 m x 2 m 
6 m 
1+ 
l.5 m 
* lO.74 GeV 
l020 Steel 
Cutoff (Lower 20 GeV 
PB dt 2000 - in 
No. of 
in Iron 5 
Total Power 20 KW 
* We use value of muon energy loss in iron 
Figure Caption 
1. 	 Kinematic region for Muon inelastic scattering (q2,V plane) at NAL 

and SLAC. 

2. 	 A possible muon beam layout for ~ inelastic scattering. 
3. 	 Plan view of proposed apparatus for test of scale invariance. 
4. 	 Predicted shadow correction versus Al / 3 for v = 20 GeV and for a 
cylindrical 	nucleus. 

2 

5. 	 Variation of ~~, with e at a fixed E • 

2 

6. 	 Variation of ~~, \{ith E J at a fixed e. 
7. 	 Details of the iron magnet. Only one section is shown. Four sections are 
proposed for the spectrometer. a) Plan View. b) Schematic View • 
.. 8. Variation of magnetic field in the wound region as a function of the plate 
number. 3 positions shown in Figure 7a) • 
. 9. 	 a) Leakage field versus distance away from the surface at position shown 
in (c). 
10. 	 Three alternatives for momentum determination vith a iron spectrometer. 
11. 	 Photograph of a cosmic ray muon spectrometer at Princeton. Method of 
lOa) is used here. 
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